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a b s t r a c t
In this paper, the coupled thermo-mechanical (TM) processes in the Äspö Pillar Stability Experiment
(APSE) carried out by the Swedish Nuclear Fuel and Waste Management Company (SKB) were simulated
using both continuum and discontinuum based numerical methods. Two-dimensional (2D) and three-
dimensional (3D) ﬁnite element method (FEM) and 2D distinct element method (DEM) with particles
were used. The main objective for the large scale in situ experiment is to investigate the yielding strength
of crystalline rock and the formation of the excavation disturbed/damaged zone (EDZ) during excavationrocesses
spö Pillar Stability Experiment (APSE)
xcavation disturbed/damaged zone (EDZ)
inite element method (FEM)
istinct element method (DEM)
of two boreholes, pressurizing of one of the boreholes and heating. For the DEM simulations, the heat
ﬂow algorithm was newly introduced into the original code. The calculated stress, displacement and
temperature distributions were compared with the ones obtained from in situ measurements and FEM
simulations. A parametric study for initial microcracks was also performed to reproduce the spalling
phenomena observed in the APSE.
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w. Introduction
The DECOVALEX-2011 is an international cooperative research
roject on mathematical and numerical models of coupled
hermo-hydro-mechanical-chemical (THMC) processes for safety
nalysis of radioactive waste repositories. The DECOVALEX project
volved from 1992 and DECOVALEX-2011 is the ﬁfth stage (after
ECOVALEX I, II, III and THMC). Task B in DECOVALEX-2011 was
eﬁned for simulating the thermo-elastic behavior of the Äspö
illar Stability Experiment (APSE) performed at a depth of 450m
n the Äspö Hard Rock Laboratory of the Swedish Nuclear Fuel
nd Waste Management Company (SKB) (Andersson, 2007). The
ain objective of the APSE is to investigate the yielding strength∗ Corresponding author. Tel.: +81 75 383 3306.
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f crystalline rock, the formation and growth of the excavation
isturbed/damaged zone (EDZ) and spalling phenomena during
xcavation and heating processes. The experimental layout con-
ists of a tunnel with arched roof and ﬂoor (7.5m high and 5m
ide) aswell as two1.75mdiameter (6.5mand6.3mdeep, respec-
ively) boreholes separated by a 1.0m thick pillar of Äspö diorite
Fig. 1). Because of the relatively low in situ stresses compared
ith the strength of intact rock, specially designed excavation-
nd thermal-induced stresses were introduced to ensure stress
agnitudes sufﬁcient to induce spalling of the rock mass. Hence,
oth elastic and non-elastic rockmass responses could be captured
s the magnitudes of excavation- and thermal-induced stresses
ere gradually increased (Andersson, 2007).
The in situ experiment was carried out in the following stages:
1) excavation of the test tunnel, (2) excavation of the ﬁrst vertical
orehole of 1.75m in diameter and 6.5m in depth, (3) installation
f the conﬁning system and application of conﬁning pressure, (4)
xcavation of the second borehole of 1.75m in diameter and 6.3m
n depth to form the 1.0m thick pillar between the boreholes, and
5) increase of the temperature by several electric heaters installed
n several boreholes with small diameters. The detail description
f the experiment can also be seen in Andersson (2007), Andersson
nd Martin (2009), and Andersson et al. (2009).
In this paper, the coupled thermo-mechanical (TM) pro-
esses in the APSE were simulated using both continuum and
T. Koyama et al. / Journal of Rock Mechanics and
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ity; kr is the relative permeability; h is the hydraulic head; h,j and T,jig. 1. APSE performed at the depth of 450m in the Äspö Hard Rock Laboratory,
weden (Andersson, 2007).
iscontinuum based numerical methods; two-dimensional (2D)
nd three-dimensional (3D) ﬁnite element method (FEM) codes
alled THAMES (Kobayashi and Ohnishi, 1986; Ohnishi et al.,
987) with damage mechanics and 2D distinct element method
DEM) with particles (Potyondy and Cundall, 2004; Shimizu et al.,
010) were used. The mechanical parameters for these simu-
ations such as damage parameters (for FEM simulations) and
icroscopic parameters (for DEM simulations) were calibrated
sing laboratory uniaxial compressive tests for rock core sam-
le (Äspö diorite) obtained from the site (Staub et al., 2004). The
EM can treat coupled thermo-hydro-mechanical (THM) processes
n saturated–unsaturated porous media. On the other hand, the
EM can treat the rock heterogeneity easily and investigate the
ailure mechanism in detail, including crack initiation and propa-
ation. The thermal ﬂow algorithms were newly introduced into
he original DEM code to investigate the failure mechanism dur-
ng heating (Shimizu et al., 2011). The simulation results such as
a
DGeotechnical Engineering 5 (2013) 58–72 59
tress distribution, displacements as well as temperature distribu-
ion and their time evolution during excavation and heating phases
y 2D/3D FEM and 2D DEM were compared with in situ measure-
ents.
. Continuum based approach, 2D/3D FEM simulations
.1. Governing equations
In this study, to simulate the TM processes in the APSE, the
EM code THAMES (Kobayashi and Ohnishi, 1986; Ohnishi et al.,
987) was used. THAMES can treat fully coupled THM behaviors of
saturated–unsaturated medium. The mathematical formulation
or THAMES is based on Biot’s theory with the Duhamel–Neuman’s
orm of Hooke’s law and energy balance equations. The princi-
al unknowns are total pressure, displacements and temperature.
HAMES has been extended to consider the thermo-osmosis in the
uffer materials such as water movement due to thermal gradi-
nt as well as swelling phenomena and validated with the data
btained from laboratory tests (Chijimatsu et al., 1998), the engi-
eered scale tests (Chijimatsu et al., 2000a) as well as the in situ
xperiments (Chijimatsu et al., 2000b).
.1.1. Conservation law
Conservation law of momentum satisﬁes the static stress equi-
ibrium for macroscopic total stresses as follows:
ij,j = 0 (1)
here ij is the tensor of total stress increment.
The mass conservation for ﬂuid and the heat energy conserva-
ion can be described as
∂(w)
∂t
+ qi,i + Q = 0 (2)
∂[(c)mT]
∂t
+ qhi,i + Qh = 0 (3)
here  is the volumetric water content; w is the water density; t
s the time; qi is the groundwater ﬂux vector; Q is the sink/source;
c)m is the speciﬁc heat of mixture of gas, liquid and solid; T is
he temperature; qh
i
is the heat ﬂux vector; and Qh is the heat
ink/source.
.1.2. Constitutive equations
Assuming the rock is elastic material, the increment of total
tress can be written as follows:
ij =
1
2
Cijkl(uk,l + ul,k) + Srpıij − ˇTıij (4)
= (3 + 2)˛s (5)
here Cijkl is the elastic modulus tensor, ui is the displacement, ıij
s the Kronecker’s delta,  and  are the Lame’s constants, ˛s is the
hermal expansion coefﬁcient, p is the water pressure, and Sr is the
egree of saturation.
Groundwater ﬂux (qi in Eq. (2)) can be calculated using the
ollowing equation:
i = −
2wgkrKij
w
h,j − w(DT )ijT,j (6)
hereK is the intrinsic permeability;w is the viscosity ofwater; g
s the gravitational acceleration; (DT)ij is the thermal ﬂow diffusiv-re the hydraulic and temperature gradients in space, respectively.
The ﬁrst and second terms at the right side of Eq. (16) represent
arcy ﬂow and thermo-osmosis, respectively.
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Heat ﬂux, qh
i
(the second term at the left side of Eq. (3)) can be
ivided into two terms, the advective term, qa, and the dispersive
erm, qd, as
h
i = qai + qdi (7)
a
i = SrqiT (8)
d
i = −mT,i (9)
here m is the thermal conductivity of rock mass, and T,i is the
emperature gradient in space.
According to the damage mechanics theory, the change in
echanical behavior due to the growth of damage (microcracks)
n material (damage expansion model) is considered and can be
xpressed using damage variable D (Lemaitre, 1992). The total
train εij is assumed to be divided into the elastic strain, εeij , and
he isotropic expansive strain, εv
kk
, as
ij = εeij +
εv
kk
3
ıij (10)
here expansive strains are negative by convention.
For the isotropic damage evolution, the relation between total
tress, ij, and strain, εij, is expressed as
ij = (1 − D)
[
(εkkıij + 2εij) −
1
3
εvkk(3 + 2)ıij
]
(11)
here D is the damage variable.
The expansive strain εv
kk
during damage progress will be equal
o 3εv11 because ε
v
ij
is isotropic. Hence, the equivalent damage con-
ugate force, Yeq, can be described using D as
eq = KdDnd + B0 (12)
here Kd and nd depend on damage evolution, and B0 is the initial
amage potential. Yeq can also be expressed as a function of εvkk as
ollows:
eq = Kv
(
−1
3
εvkk
)nv
(13)
here Kv is the gradient, and nv is the scaling factor of the volu-
etric strain due to damage progress.
In this paper, K , n , B0, Kv and nv are so-called damage param-d d
ters. When Yeq exceeds B+B0, the damage variables increase
Murakami and Kamiya, 1997):
(Yij, B) = Yeq − (B0 + B) = 0 (14)
ﬁ
t
d
a
Fig. 2. Model geometry forGeotechnical Engineering 5 (2013) 58–72
hereB is thedifferencebetweenpresentdamagepotentialYeq and
revious damage potential B0, and the equivalent damage conju-
ate force Yeq is
eq =
√
1
2
YijYij (15)
Hence, the damage conjugate force Yij can be given as
ij = −
1
2
(εekkıij + 2εeij)εeij (i, j = 1,2,3, . . .) (16)
.2. 3D FEM simulation features, excavation phase
Fig. 2 shows the model geometry used for 3D FEM simulations.
he size of model is 25m, 50m and 50m along the direction per-
endicular to the tunnel axis, the direction of an axis of the tunnel
nd depth, respectively. The section of the tunnel is 7.5m high
nd 2.5m wide, and the ﬁrst and second boreholes are 1.75m
n diameter and 6.5m in depth. As a boundary condition, dis-
lacement at the outer boundaries of the model region is ﬁxed
n the normal direction and the initial principal stresses (in situ
tresses), 1 =−30.0MPa, 2 =−15.0MPa and 3 =−10.0MPa, are
rescribed. The directions of 1, 2 and 3 are deﬁned as the x-, z-
nd y-direction, respectively. It shouldbenoted thatnegative stress
alues represent compression. The measuring point A is located at
he depth of 1.95m and 0.003m into the pillar wall (DQ0063G01
hown in Fig. 2) in the narrowest part of the pillar.
The analysis steps of the excavation phase in the 3D simulations
s listed in Table 1.
The number of nodes and elements are 27,744 and 24,800,
espectively. The damage parameters used in the simulation were
etermined by ﬁtting the stress-strain curve from uniaxial com-
ression tests with radial strain control performed by SKB (Staub
t al., 2004). The identiﬁed damage parameters are summarized in
able 2.
.3. 3D FEM simulation features, heating phase
After the second borehole is excavated, heating is carried out.
he heated length is 6.5m. During heating, the ﬁrst borehole is
lled (applying 0.7MPa conﬁning pressure). The displacement at
he outer boundaries of the model region is ﬁxed in the normal
irection. The temperature is ﬁxed at the top and bottom bound-
ries at the initial temperature (14.5 ◦C). A convective boundary
3D FEM simulations.
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Table 1
Analysis steps of the excavation phase in the 3D simulations.
Step No. Excavation phase Step No. Excavation phase
1 Excavation of access tunnel 11 Borehole No. 1 is conﬁned at 0.7MPa
2 Borehole No. 1, 0.5m deep 12 Borehole No. 2, 0.5m deep
3 Borehole No. 1, 1.0m deep 13 Borehole No. 2, 1.0m deep
4 Borehole No. 1, 2.0m deep 14 Borehole No. 2 2.0m deep
5 Borehole No. 1, 2.5m deep 15 Borehole No. 2, 2.5m deep
6 Borehole No. 1, 3.0m deep 16 Borehole No. 2, 3.0m deep
7 Borehole No. 1, 4.0m deep 17 Borehole No. 2, 4.0m deep
8 Borehole No. 1, 5.0m deep 18 Borehole No. 2, 5.0m deep
9 Borehole No. 1, 6.0m deep 19 Borehole No. 2, 6.0m deep
10 Borehole No. 1, 6.5m deep 20 Borehole No. 2, 6.5m deep
Table 2
Parameters for 3D FEM simulation.
Damage parameters Hydraulic property, k0 (m/s)
nv nd Kv (kPa) Kd (kPa) B0 (kPa)
0.7 0.7 61,715.0 942.0 93.0 5.0×10−8
Mechanical property Thermal property
/(mK)) Speciﬁc heat, C (MJ/(m3 K)) Coefﬁcient of thermal expansion, ˛s (K−1)
2.1 7.0×10−6
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ondition, where the heat transfer coefﬁcient is 4.65W/(m2 K) and
eference temperature is 14.5 ◦C, is prescribed to the boundaries
long the tunnel wall and the second borehole. Other boundaries
including the wall of the ﬁrst borehole) are adiabatic. The loca-
ions of heaters and temperature monitoring points are shown in
ig. 3,whereDQ0063G01 is theﬁrst borehole andKQ0064G06 is the
bservation borehole (temperaturemonitoring point). Fig. 4 shows
he heat power during heating phase (Andersson, 2007; Andersson
nd Martin, 2009; Andersson et al., 2009). The stress values from
he last step of the excavation phase were used as the initial stress
alues for heating analysis. The parameters for coupled TManalysis
re summarized in Table 2.
.4. Features of the 2D FEM simulations
A 2D FEM simulation was also performed to compare sim-
lation results with 3D FEM and 2D DEM results. Fig. 5 shows
he ﬁnite element mesh used for the 2D FEM simulation and
echanical boundary conditions. The displacement in the normal
irection is ﬁxed along the domain. The initial principal stresses 1
Fig. 3. Layout of boreholes heaters and sensors (Andersson, 2007).
(
−
t
o
tFig. 4. Heater power (Andersson, 2007).
in x-direction) and 3 (in y-direction) are −44.37MPa and
11.70MPa, respectively.
The difference in initial in situ stresses is due to the excava-ion of access tunnel. These principal stresses are decided based
n the results obtained from the 3D FEM simulation mentioned in
he previous section. During the borehole excavation, the following
Fig. 5. Simulation model for 2D FEM and mechanical boundary conditions.
62 T. Koyama et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 58–72
f
m
(
(
(
(
a
t
t
t
3
3
n
i
a
f
a
a
f
r
T
m
t
b
b
e
m
t
2
3
r
a
i
t
m
f
F
p
f
f
w
r
n
t
c
i
b
g
k
k
k
w
i
b
s
b
ﬁ
a
LFig. 6. Thermal boundary conditions for heating process.
our analysis steps were sequentially modeled to investigate the
echanical responses of the rock:
1) Step 0: excavation of the tunnel (initial condition).
2) Step 1: excavation of the borehole No. 1.
3) Step 2: 0.7MPa conﬁnement at borehole No. 1.
4) Step 3: excavation of the borehole No. 2.
As shown in Fig. 6, the outer boundaries of the domain andwalls
round the borehole No. 1 were assumed to be adiabatic, and the
emperature around the borehole No. 2 was ﬁxed at 14.5 ◦C. The
hermal parameters used in 2D FEM simulations are the same as
he ones used in the 3D simulations (see Table 2).
. Discontinuum based approach, 2D DEM simulations
.1. Outline of the DEM with particles
The DEM with particles was originally investigated and pio-
eered by Cundall and Strack (1979). The calculations performed
n the DEM can be described by the movement of each particle
nd the force/moment acting at each contact of the particles. A
orce–displacement law is used to determine the contact forces
rising from the relative motion at each contact. The forces from
ll of the contacts on a particle are summed yielding a resultant
orce, and Newton’s second law gives the translational as well as
otational motion of a particle resulting from the force acting on it.
he new state of contacts is re-evaluatedwith the newly computed
otionofparticles, andanewcycleof computation is run.Although
he DEM is originally a numerical technique for discontinuum, it
ecomes possible to be applied to a continuum by introducing
onding between particles (Potyondy and Cundall, 2004; Shimizu
t al., 2010). In this section, a summary of the formulation for the
echanical behavior of bonded particles and the newly introduced
hermal ﬂow algorithm to the original DEM code (Shimizu et al.,
010) are given.
.1.1. Formulation for mechanics of bonded particles
In 2DDEM, the intact rock ismodeled as adensepackingof small
igid circular particles. Neighboring particles are bonded together
t their contact points with a set of three kinds of springs as shown
n Fig. 7 and interact with each other. The normal force, fn, the
angential force, fs, and themoment, f , are producedby the relative
otion of the bonded particles (see Figs. 7a–c), and are given by
n = kn(dnj − dni) (17)
D
wig. 7. Three different types of contact springs and bond between two bonded
articles.
s = ks
[
dsj − dsi −
L
2
(dj + di)
]
(18)
 = k(dj − di) (19)
here kn, ks and k are the spring stiffness of normal, shear and
otational spring, respectively; dn and d are displacements in
ormal and shear directions and rotation of each particles, respec-
ively.
The stiffness of the normal and rotational springs, kn and k , are
alculated using beam theory, and the stiffness of shear springs ks
s calculated by multiplying the stiffness of the normal spring kn
y a constant stiffness ratio ˛. Hence, the stiffness of the springs is
iven by the following equations:
n =
EpA
L
(20)
s = ˛kn (21)
 =
EpI
L
(22)
here A is the cross-sectional area of the bond, I is the moment of
nertia of the bond, and Ep is the Young’s modulus of particle and
onds. The moment of inertia I depends on the shape of the cross-
ection, and rectangular cross-section is assumed in this study. A
ond is shown schematically as a gray rectangle in Fig. 7d. In this
gure, L andD are the bond length and bonddiameter, respectively,
nd can be expressed as
= ri + rj (23)= 4rirj
ri + rj
(24)
here ri and rj are the radii of the two bonded particles.
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Since the DEM uses a fully dynamic formulation, small amounts
f viscous damping are necessary to help in providing dissipation
f high-frequency motion. If contact damping is not included, the
ssemblies would not be able to reach equilibrium. Contact damp-
ng operates on the relative velocities at the contacts and may be
nvisioned as resulting from dashpots acting in the normal and
hear directions at the contacts. The coefﬁcients of viscous contact
amping in the normal and shear directions are represented by Cn
nd Cs, respectively:
n = 2
√
mijkn (25)
s = Cn
√
ks
kn
(26)
heremij can be given by the product of theweight of twoparticles
i and mj:
ij = 2
mimj
mi + mj
(27)
.1.2. Crack generation mode and bond breakage of the particles
If thenormal stress,, exceeds the strengthof thenormal spring,
t, or shear stress, , exceeds the strength of the shear spring, Ss,
hen the contact bond breaks, and the three springs are removed
rom the model. A rotation restriction spring is used only for the
orce calculation and no breakage criterion is applied to this spring.
ach bond breakage represents a microcrack.
1) Normal spring breakage criterion:
 < 0 (Tensile stress)
 ≥ St (Bond break)
}
(28)
2) Shear spring breakage criterion:
|| ≥ Ss (Bond break) (29)In this study, the crackmodes are classiﬁed by the shear–tensile
tress ratio |/| regardless of broken spring type (normal or shear
prings).
r
m
b
w
ig. 8. Model geometry and loading condition for pillar experiments using 2D DEM. Parti
o 10mm.Geotechnical Engineering 5 (2013) 58–72 63
1) Crack mode criterion 1:
 < 0 (Tensile stress)
|/| ≤ 1
}
(Tensile crack) (30)
2) Crack mode criterion 2:
 < 0 (Tensile stress)
|/| > 1
}
(Shear crack) (31)
3) Crack mode criterion 3:
 > 0 (Compressive stress) (Shear crack) (32)
When a microcrack is generated and dissipated to neighboring
prings, the strain energy stored in both the normal and the shear
prings at the contact point is released. For the DEM simulations
resented in this paper, the strain energy is calculatedusing the fol-
owing equation, which represents the energy of acoustic emission
AE):
k =
fn
2
2kn
+ fs
2
2ks
(33)
When the unbonded particles and/or particleswith bond break-
ge are in contact, springs and dashpots are inserted into the
ontact point in both the normal and the tangential directions,
nd compressive normal force fn and tangential (frictional) force
s act at the contact points. The normal-direction springs satisfy a
on-tension constraint.
.2. 2D DEM simulation features, excavation phase
The model geometry for 2D DEM simulation is shown in Fig. 8.
he size of the model is 8.3m in the direction of the tunnel axis
x-direction), and 5.4m in the direction of the tunnel width (y-
irection). Only horizontal 2D sections are modeled in this study
at the depth of 3.5m from the tunnel ﬂoor). The rock model is
xpressed by the assembly of bonded particles. Particles are irregu-
arly and randomly arranged and the number of particles is 217,367
ith the particle radius ranging from 5mm to 10mm. The particleadii were determined to satisfy a uniform distribution between
aximum and minimum particle radius. As shown in Fig. 7, two
oreholes (Nos. 1 and 2) are excavated to form a pillar area with a
idth of 1.0m at the thinnest part. The diameter of both boreholes
cles are irregularly and randomly arranged with the particle radius ranging from 5
6 s and Geotechnical Engineering 5 (2013) 58–72
i
N
n
s
a
l
o
−
x
s
F
n
F
u
p
r
s
T
3
i
f
t
o
Q
w
t
d
t
l
g
d
w
p
t
p
d
w
d
e
s
A
N
a
p
4
4
2
T
ro
p
er
ti
es
an
d
ca
li
br
at
io
n
re
su
lt
s
fo
r
2D
D
EM
si
m
u
la
ti
on
.
ld
at
a
ck
H
ei
gh
t
of
ro
ck
m
od
el
(m
)
N
u
m
be
r
of
p
ar
ti
cl
es
M
ax
im
u
m
p
ar
ti
cl
e
ra
d
iu
s
(m
m
)
M
in
im
u
m
p
ar
ti
cl
e
ra
d
iu
s
(m
m
)
Pa
rt
ic
le
d
en
si
ty
(k
g/
m
3
)
Fr
ic
ti
on
co
ef
ﬁ
ci
en
t
of
w
al
l,
ta
n
ϕ
w
Po
is
so
n
’s
ra
ti
o
of
w
al
l,


m
Y
ou
n
g’
s
m
od
u
lu
s
of
w
al
l,
E m
(G
Pa
)
Fr
ic
ti
on
co
ef
ﬁ
ci
en
t
of
p
ar
ti
cl
e,
ta
n
ϕ
p
Po
is
so
n
’s
ra
ti
o
of
p
ar
ti
cl
e,


p
5.
4
21
7,
36
7
10
5
27
41
0.
0
0.
3
20
0
0.
5
0.
27
am
et
er
s
C
al
ib
ra
ti
on
re
su
lt
s
f
Sh
ea
r/
n
or
m
al
sp
ri
n
g
st
if
fn
es
s
ra
ti
o,
˛
Sh
ea
r
st
re
n
gt
h
of
bo
n
d
in
g,

c
(M
Pa
)
Te
n
si
le
st
re
n
gt
h
of
bo
n
d
in
g,

c
(M
Pa
)
U
C
S
of
ro
ck
m
od
el
(M
Pa
)
Y
ou
n
g’
s
m
od
u
lu
s
of
ro
ck
m
od
el
(G
Pa
)
Po
is
so
n
’s
ra
ti
o
of
ro
ck
m
od
el
Te
n
si
le
st
re
n
gt
h
of
ro
ck
m
od
el
(M
Pa
)
Ex
p
er
im
en
t
Si
m
u
la
ti
on
Ex
p
er
im
en
t
Si
m
u
la
ti
on
Ex
p
er
im
en
t
Si
m
u
la
ti
on
Ex
p
er
im
en
t
Si
m
u
la
ti
on
0.
33
30
0.
0
48
.0
22
2.
1
22
1.
6
73
.6
73
.6
3
0.
27
0.
27
3
12
.9
12
.74 T. Koyama et al. / Journal of Rock Mechanic
s1.8m.ThemonitoringpointA is locatedon the surfaceofborehole
o. 2.
The rock model is surrounded by the four conﬁning walls. The
ormal displacement at left and bottom walls is ﬁxed and a con-
tant conﬁning pressure (in situ stresses) is applied at the right
nd upper walls. The stress applied to the rock model is calcu-
ated from the width and height of the model and total force acting
n each loading platen from particles. Two conﬁning stresses of
44.37MPa and −11.7MPa are applied to the rock model in the
- and y-directions, respectively. These conﬁning stresses are the
ame as the principal stresses applied in the 2D FEM simulations.
rictional force between the rock model and the conﬁning walls is
ot considered. The analysis steps are the same as those used in 2D
EM simulation.
Input microscopic mechanical parameters for the 2D DEM sim-
lations were calibrated to match the macroscopic mechanical
roperties of the Äspö diorite (Staub et al., 2004). The laboratory
esults from uniaxial/triaxial compression tests and Brazilian ten-
ile test were used. The calibrated parameters are summarized in
able 3.
.3. 2D DEM simulation features, heating phase
For the TM analysis, the thermal ﬂow algorithm was newly
ntroduced to the original DEM code. When two particles with dif-
erent temperatures are in contact, the rate of heat ﬂow between
hese two particles can be given by the following equation based
n the Fourier’s law (see Fig. 9a):
= kA′ T
L
(34)
here Q is the heat ﬂow, k is the thermal conductivity of the par-
icles, A′ is the area of the contact point, T is the temperature
ifference between the two particles, and L is the distance between
he centers of the two particles.
The temperature of a particle is updated during the heat calcu-
ation (see Fig. 9b). The change in temperature of a particle, dT, is
iven by
T = Qdt
Cm
(35)
here C is the speciﬁc heat of the particle, m is the mass of the
article, and dt is the duration of the time step.
When the temperature of a particle is updated, the radius of
he particle is modiﬁed (see Fig. 9c). The radius increment of the
article, dr, is given by
r = ˛TrdT (36)
here ˛T is the coefﬁcient of thermal expansion of a particle.
The thermal properties of rock model for 2D DEM simulations
uring the heating phase are listed in Table 4. These thermal prop-
rties were determined from the results obtained from the pillar
tability experiments reported in the SKB report (Andersson, 2007).
n adiabatic boundary condition was applied along the borehole
o. 1 and the outer border of domain. The temperature was ﬁxed
t 15 ◦C along the borehole No. 2. The location of heaters and tem-
erature monitoring points are shown in Fig. 8.
. Simulation results
.1. Simulation results obtained using 3D FEMThe calibration of damage parameters was carried out using
D FEM model. Table 5 shows the calibration cases. Case 1-1 (see
able2) is thebasic caseusing thedamageparameters estimatedby Ta
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Fig. 9. Thermal ﬂow algorithm for DEM model.
Table 4
Parameters for thermal ﬂow (Andersson, 2007).
Thermal conductivity,
k (W/(mK))
Thermal capacity, C
(MJ/(m3 K))
Coefﬁcient of thermal
expansion, ˛T (K−1)
2.6 2.1 7.0×10−6
Table 5
Calibration cases for damage parameters.
Damage parameters
Case No. E (GPa) B0 (kPa) Kd (kPa) Kv (kPa) nd nv
1-1 72.0 93.0 942.0 61,715.0 0.70 0.70 
2-1 36.0 (50%) 93.0 942.0 61,715.0 0.70 0.70 
2-2 7.2 (10%) 93.0 942.0 61,715.0 0.70 0.70 
3-1 72.0 0.0 942.0 61,715.0 0.70 0.70 
4-1 72.0 93.0 471.0 (50%) 30,857.2 (50%) 0.70 0.70 
4-2 72.0 93.0 94.2 (10%) 6171.5 (10%) 0.70 0.70 
5-1 72.0 93.0 942.0 61,715.0 0.35 (50%) 0.35 (50%) 
5-2 72.0 93.0 942.0 61,715.0 1.40 (200%) 1.40 (200%) 
5-3 72.0 93.0 942.0 61,715.0 7.00 (1000%) 7.00 (1000%)
6-1 54.0 (75%) 0.0 282.6 (30%) 18,514.5 (30%) 0.21 (30%) 0.21 (30%) 
6-2 54.0 (75%) 0.0 188.4 (20%) 12,343.0 (20%) 0.14 (20%) 0.14 (20%) 
6-3 54.0 (75%) 0.0 94.2 (10%) 6,171.5 (10%) 0.07 (10%) 0.07 (10%) 
7-1 54.0 (75%) 0.0 282.6 (30%) 18,514.5 (30%) 0.70 0.70 
7-2 54.0 (75%) 0.0 235.5 (25%) 15,428.8 (25%) 0.70 0.70 
7-3 54.0 (75%) 0.0 188.4 (20%) 12,343.0 (20%) 0.70 0.70 
Table 6
Judgment of damage value.
D Judgment (empirical fact)
<0.1 No damage or no fracture
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t>0.1 Possibility of generation of fractures
>0.3 Possibility of generation of spalling
tting stress-strain curves from the laboratory test. In Cases 2 and
, the effect of a change of the elastic modulus and damage param-
ter B0 is examined, respectively. The effect of damage parameters
d, Kv as well as nd, nv is also examined in Cases 4 and 5, respec-
ively. In Case 6, the elastic modulus is decreased to 75% of the one
btained by the laboratory test and the value of B0 is adjusted to
ero. The other damage parameters are changed in the same rate
decreased to 30%, 20% and 10% of original values). In Case 7, the
alues of the elastic modulus and B0 are the same as those in Case
and Kd, Kv are changed in the same decreasing rate but nd, nv are
xed at the original values. All the data adjusted are indicated in
ray in Table 5.
Table 6 shows the threshold of damage variable. When D is
maller than0.1, thematerial is not damaged. Some fracturesmight
e generated in the material when D is larger than 0.1, and the
palling might occur when D is larger than 0.3 (Chijimatsu et al.,
011). The calibration for elastic modulus and damage parameters
as performed by comparing the distribution of damaged zone
round the borehole No. 2 where the spalling was also observed
uring excavation and heating phases in APSE (Andersson, 2007).
ccording to the simulations with different values for damage
arameters, the parameter set for Case 7-3 showed better agree-
ent with observed/measured spalling region (Chijimatsu et al.,
011).
The TM behavior in APSE was re-examined using the parame-
ers obtained from the above-mentioned calibration results (a set
f damage parameters for Case 7-3 in Table 5). Fig. 10 shows the
imulation results after the excavation of boreholes. The distribu-
ion of maximum principal stress and maximum tangential stress
re shown in Fig. 10a and b, respectively. Fig. 10c and d shows the
istributionof damage variable andhydraulic conductivity, respec-
ively. The damage occurs in the pillar (the region between the
oreholes) and the value of damage variable becomes 0.3 and/or
ore, which means that spalling might occur. The estimated depth
f spalling region shows good agreement with the observation at
ite. The hydraulic conductivity in the pillar part is signiﬁcantly
ncreased by the excavation damage.
.2. Simulation results by DEM and their comparison with FEM
.2.1. Excavation phase
Fig. 11 shows distribution of the maximum and minimum prin-
ipal stresses (1 and 3) as well as maximum tangential stress
1 −3) after the excavation phase calculated by 2D DEM. It
hould be noted that the minus stress values in the ﬁgures rep-
esent compression. From Fig. 11, the maximum principal stress at
he borehole surface across the y-axis decreases to almost 0MPa
fter the excavation of each borehole. On the other hand, max-
mum principal stress at the borehole surface across the x-axis
ncreases. The minimum principal stress at the borehole surface
ecreases and becomes tensile stress. In particular, tensile stress
t the borehole surface across the x-axis is the highest. The maxi-
um tangential stress at the borehole surface across the x-axis ishe highest. Figs. 12 and 13 show the distribution of maximum and
inimum principal stresses (1 and3) as well as the maximum
angential stress (1 −3) after the excavation phase calculated
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y 2D and 3D FEM (THAMES code), respectively. These results are
imilar to the ones obtained from 2D DEM simulations.
The calculated stresses at the monitoring point A (see Fig. 8
or the location) for each excavation phase are summarized and
ompared in Table 7. The change of the maximum and minimum
rincipal stresses (stress paths) at the monitoring point A for each
xcavation step calculated by 2D DEM are also compared with the
nes obtained from 2D/3D FEM simulations and shown in Fig. 14.
ig. 15 also shows the measured variation of the maximum and
inimum principal stresses at the monitoring point A during exca-
ation. From theseﬁgures, theminimumprincipal stress calculated
y2DDEM is smaller than the one calculated by2D/3DFEMand the
ne measured at site. This may be caused by the given mechanical
oundary conditions applied in 2D DEM. In the DEM simulations,
he left andbottomwalls areﬁxedandconstant conﬁningpressures
4
5
A
able 7
he comparison of maximum and minimum principal stresses as well as maximum tange
etween 2D DEM and 2D/3D FEM calculations. The stress values in brackets are obtained
Analysis step Maximum principal stress, 1 (MPa) Minimum
Step 0 −49.9 (−44.4/−44.4) −8.3 (−11
Step 1 −60.6 (−55.6/−51.6) −14.1 (−18
Step 2 −60.4 (−55.5/−51.6) −14.2 (−18
Step 3 −148.4 (−149.9/−126.3) −2.5 (−3.ing excavation phase (Step 20).
re applied at the right and top walls. The conﬁning stresses from
he wall are transmitted through the contact and/or bond of parti-
les. However, the stress paths show similar trend, especially the
tress path obtained from 3D FEM simulation agrees well with the
ne measured at site by SKB. The maximum tangential stress at
onitoring point A increases drastically during/after excavation of
orehole No. 2. The maximum tangential stress and its evolution
alculated by 2D DEM and 2D/3D FEM show good agreement, even
hough the stress value calculated by 2D DEM is slightly large (see
ig. 16)..2.2. Heating phase
Fig. 17 shows the distribution of temperature for 10, 20, 30, 40,
0, 70 days calculated by 2D DEM with thermal ﬂow algorithm.
s shown in Fig. 17, the temperature of the rock model increases
ntial stress at monitoring point A and their evolution during each excavation step
from 2D/3D FEM.
principal stress, 3 (MPa) Maximum tangential stress, 1 −3 (MPa)
.7/−11.7) −41.6 (−32.7/−32.7)
.6/−14.2) −46.5 (−37.0/−37.4)
.6/−14.2) −46.1 (−36.8/−37.4)
5/−6.0) −145.9 (−146.4/−120.4)
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big. 11. Distribution of the maximum and minimum principal stresses (1 and 3)
s well as the maximum tangential stress (1 −3) after excavation of the second
orehole calculated by 2D DEM. Minus stress value represents compression.
ith increasing heat output and the temperature decreases gradu-
lly after heating stop. A signiﬁcant temperature increase can be
bserved only around the heater position. Figs. 18 and 19 also
how the distribution of temperature for 10, 20, 30, 40, 50, 70 days
alculated by 2D and 3D FEM (THAMES code), respectively.
Fig. 20 shows the comparison of temperature evolution at the
onitoring point KQ0064G06 calculated by both 2D DEM and
D/3D FEM. The evolution of measured temperature at site is also
hown in Fig. 21. It should be noted that the 2D cross section
t the depth of 3.5m was selected to compare the results. From
igs. 20 and 21, overall trend of three calculated temperature evo-
ution agrees well with the one monitored at site. Especially, the
alculated temperature evolution by 3D FEM agrees quantitatively
nd qualitatively well with the one observed at site. However, the
emperature calculated by 2D DEM and 2D FEM is higher than the
xperimental data reported by SKB (Andersson, 2007). This may be
aused by the thermal boundary conditions in the model, which
s adiabatic boundary, applied along the outer boundaries for the
nalytical domain and borehole No. 2. The temperature tends to
e higher because the heater location is close to these boundaries.
he plane strain approximation in 2D model also affects the calcu-
ated temperature distribution signiﬁcantly because in 2D model
heperpendicular heat ﬂux in thedepthdirection is not considered.
oreover, the rock mass in 2D DEM is modeled as the assembly of
p
(
b
c3) as well as maximum tangential stress (1 −3) after excavation of the second
orehole calculated by 2D FEM. Minus stress value represents compression.
any particles and the porosity of the model is larger than that of
he real rockmass. Therefore, calibrationof laboratory experiments
e.g. uniaxial/triaxial compressive tests) considering temperature
ill be necessary to investigate the effect of temperature on the
icroscopic parameters of particles for more realistic DEM simu-
ations.
Fig. 22 shows the comparison of incremental thermal-induced
aximum tangential stress at monitoring point A and its evolution
uring heating between 2D DEM and 2D/3D FEM. The maxi-
um tangential stress at monitoring point A increases due to the
xpansion with increase of the temperature of the heated zones.
he evolution of measured thermal-induced maximum tangential
tress monitored at site is also shown in Fig. 23. These simulation
esults agreequalitativelywellwith theexperimental results.How-
ver, the thermal-induced maximum tangential stress calculated
y 2D DEM is lower than the other results.
In the APSE, exfoliation of rock surfaces so-called spalling
henomena was observed around the borehole during heating
Andersson, 2007). Since DEM with particle is a discontinuum
ased numerical technique, generation and propagation of micro-
racks can be treated easily (not like FEM, which usually requires
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Minus values mean compression.
F
n
the relatively high microscopic parameters (especially strength for
the contact bonds) calibrated from the laboratory uniaxial/triaxial
compression tests using rock core sample. The particle size and its
distribution may also signiﬁcantly affect the fracture generation.3) as well as maximum tangential stress (1 −3) after excavation of the second
orehole calculated by 3D FEM.
omplicated re-mesh and/or adaptive mesh to simulate fracture
eneration and propagation). Fig. 24 shows the distribution of
enerated microcracks during excavation and heating phases. In
ig. 24, the microcracks generated during excavation and heat-
ng phases are indicated in black and red solid lines, respectively.
ew microcracks were generated around the borehole and gradu-
lly propagatedwith increasing temperature during heating phase.
owever, the number of microcracks was a few and spalling
henomena observed in the in situ experimentwas not observed in
he 2D DEM simulation, even if the calculated maximum tempera-
ure was higher than the experimental data. This may be caused by
F
aig. 15. The stress paths at point A measured at site (Andersson, 2007). It should be
oted that positive stress values represent compression.ig. 16. Comparison of the maximum tangential stress at point A between 2D DEM
nd 2D/3D FEM. Minus values mean compression.
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Fig. 17. Temperature distribution for 10, 20, 30, 40, 50, 70 days (2D DEM).
Fig. 18. Temperature distribution for 10, 20, 30, 40, 50, 70 days (2D FEM).Fig. 19. Temperature distribution for 10, 20, 30, 40, 50, 70 days calculated by 3D FEM (Chijimatsu et al., 2011).
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experiment (Andersson, 2007).
F
o
w
m
a
T
m
t
i
Fig. 21. Temperature evolutions at monitoring point at site. Simulation results
hould be compared at the depth of 3.5m (Andersson, 2007).
Fig. 25 shows incremental thermal-induced maximum tangen-
ial stress at monitoring point A and the number of generated
icrocracks per day during heating. From Fig. 25, the maximum
angential stress at monitoring point A increases with increasing
eat output and temperature of rock mass. The number of gener-
ted microcracks increases with increasing maximum tangential
tress at point A. This result agrees qualitatively well with the AE
easurement at site as shown in Fig. 23 (Andersson, 2007).
Fig. 26 shows the displacement vectors of particles around the
illar during heating phase. The displacement of each particle
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tig. 24. Distribution of generated cracks during excavation and heating phases.
riented parallel to the radial direction from the heater position
here the temperature highly increased and the particles near the
onitoring point A moved into the borehole. The close-up view
round the monitoring point A is shown in the right side in Fig. 26.
wo microcracks, Cracks 1 and 2, are newly generated near the
onitoring point A, and existence of these microcracks enlarges
he displacement of the borehole surface.
Fig. 27 shows the comparison of displacement at the measur-
ng points A during heating calculated by 2D DEM and 2D/3D FEM.
rom this ﬁgure, the general trend of the displacement agrees for
hree different simulations. The borehole surface moves into the
orehole when temperature of the rock mass increases. Especially,
he displacement of themonitoringpointA (see also Fig. 26) inDEM
imulation ismuch larger. This is causedbynewlygeneratedmicro-
racks around monitoring point A and particle can move easily. On
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Andersson JC. Äspö Pillar Stability Experiment ﬁnal report: rock response to cou-ig. 27. Comparison of displacement at monitoring point A between 2D DEM and
D FEM simulations.
he other hand, displacements of the points B and C in the 2D DEM
imulation (close tomonitoring pointA (see also Fig. 26), but a little
it inside from the borehole surface) are comparable with 2D/3D
EM results. The displacement of both DEMs is smaller than the
ne calculated by 2D FEM. This may be caused by the fact that the
alculated temperature by 2D DEM is lower than the one by 2D
EM.
. Conclusions
The coupled TM processes in the APSE were simulated using
D and 3D FEM and 2D DEM with particles. The particle mechan-
cs approach can treat the rock heterogeneity easily and investigate
he failuremechanism indetail, including crack initiationandprop-
gation. The thermal ﬂow algorithm was newly introduced into
he original DEM code to investigate the failure mechanism dur-
ng not only excavation but also heating processes. The calculation
esults suchas stress distribution, displacements aswell as temper-
ture distributionwere comparedwith thosemonitored/measured
t site and simulated by 2D and 3D ﬁnite element code called
HAMES. The ﬁndings obtained from this study can be summarized
s follows:
Coreholes and heaters during heating phase.
1) The calculated stress distribution around borehole and stress
path at a point near the borehole wall by 2D DEM with parti-
cles agree qualitativelywellwith the ones obtained from2D/3D
FEM as well as in situ experiments at site.
2) The simulation results by 3D FEM show quantitatively good
agreement with the data obtained from the measurements.
3) The newly developed thermal algorithm in 2D DEM produces
similar temperature distribution to the one from 2D FEM.
4) The simulated crack generation and propagation during the
excavation, pressurizing and heating processes by 2D DEM
with particles agree qualitatively well with the observations
at site. However, the number of cracks was few and spalling
phenomena observed at site could not be captured sufﬁciently.
5) By comparing the simulation results obtained from two dif-
ferent approaches, quantitative and qualitative insights into
variousaspectsof theprocessesoccurring in thenearﬁeld could
be obtained.
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